Clinical use of human immunodeficiency virus protease inhibitors such as ritonavir may be associated with cardiovascular disease. The objective of this study was to determine the effects and molecular mechanisms of ritonavir on cholesterol efflux from human macrophage-derived foam cells, which is a critical factor of atherogenesis. Human THP-1 monocytes and peripheral blood mononuclear cells were preincubated with acetylated low-density lipoprotein and [ 3 H]cholesterol to form foam cells, which were then treated with apolipoprotein A-I for cholesterol efflux assay. A clinically relevant concentration of ritonavir (15 mol/L) significantly reduced cholesterol efflux from THP-1 and peripheral blood mononuclear cells to apolipoprotein A-I by 30 and 29%, respectively, as compared with controls. In addition, ritonavir significantly decreased the expression of scavenger receptor B1 and caveolin-1, whereas it significantly increased superoxide anion production and activated extracellular signal-regulated kinase (ERK) 1/2 in macrophages. Mitochondrial membrane potential was significantly reduced, whereas NADPH oxidase subunits were increased in ritonavir-treated macrophages. Consequently, the antioxidant seleno-L-methionine , the specific ERK1/2 inhibitor PD98059, or infection of a recombinant adenovirus encoding the dominant-negative form of ERK2 effectively blocked ritonavir-induced decrease of cholesterol efflux. Therefore, human immunodeficiency virus protease inhibitor ritonavir significantly inhibits cholesterol efflux from macrophages, which may be mediated by mitochondrial dysfunction, oxidative stress, ERK1/2 activation, and down-regulation of scavenger receptor B1 and caveolin-1. (Am J Pathol
Human immunodeficiency virus (HIV) protease is an aspartic protease encoded by the pol gene and is required for posttranslational cleavage of gag and gag-pol precursor polyproteins into functional products needed for viral assembly. 1 Several HIV protease inhibitors (PIs) including ritonavir, amprenavir, indinavir, lopinavir, saquinavir, nelfinavir, and atazanavir have been developed to specifically inhibit HIV protease activities. These HIV PIs have been one of the most significant advances of the past decade in controlling HIV infection. However, longterm PI treatment may be associated with an increased risk of cardiovascular diseases such as atherosclerosis along with metabolic syndromes including systemic insulin resistance, dyslipidemia, and peripheral lipodystrophy. [1] [2] [3] It is not clear whether HIV PIs could affect macrophages in the vessels, an important mechanism of atherogenesis.
Cholesterol efflux is the process that removes excess cholesterol from tissues, including the arterial wall, thereby preventing the development of atherosclerosis. 4, 5 Decreased cholesterol efflux from the arterial wall may potentially promote the progression of atherosclerosis. Cholesterol efflux can be mediated or regulated by several molecular pathways including ATP-binding membrane cassette transport protein A1 (ABCA1), G1 (ABCG1), scavenger receptor B1 (SR-B1), caveolins, and sterol 27-hydroxylase (CYP27A1). 6 -10 Oxidative stress also affects cholesterol efflux in vascular smooth muscle cell-derived foam cells. 10, 11 Oxidative stress has been implicated in cell injury, and a transient increase of reactive oxygen species (ROS) can result in the activation of various signaling pathways including the mitogenactivated protein kinases (MAPKs). A major event in the progression of atherosclerosis is the differentiation of monocytes to macrophages that accumulate lipoprotein-derived cholesterol to form foam cells. 12 Using both in vitro and in vivo models, it has recently been shown that HIV PIs increase CD36-dependent cholesterol accumulation in macrophages independent of dyslipidemia. 13 Our recent investigations in both porcine arteries and human endothelial cells clearly demonstrated that PI ritonavir directly impaired vasomotor activities and endothelial monolayer permeability through the mechanism of oxidative stress, 14 -18 indicating that PIs could directly cause the dysfunction or injury of vascular cells besides an indirect effect on vascular functions via HIV PI-induced abnormality of lipid and glucose metabolism. 19 Thus, we hypothesized that HIV PIs could have a direct effect on cholesterol efflux from macrophages, which may contribute to atherosclerosis progression.
The objective of this study was therefore to determine the effect of HIV PI ritonavir on cholesterol efflux from human macrophage-derived foam cells as well as to explore the possible molecular mechanisms. This study may advance our understanding on the mechanism of HIV PI-associated cardiovascular complications and suggest new strategies to control such clinical problems.
Materials and Methods

Chemicals and Reagents
Pure ritonavir powder was obtained from the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD. Ritonavir was dissolved in dimethyl sulfoxide at the desired concentrations (7.5 to 30 mol/L), and the final concentration of dimethyl sulfoxide in the experiments was adjusted to less than 0.1% (v/v), which was used in all controls. [1␣,2␣(n)-3 H]Cholesterol was purchased from Amersham (Piscataway, NJ) and human acetylated low-density lipoproteins (acLDL) and high-density lipoproteins (HDL) from Intracel (Frederick, MD). Rabbit polyclonal anti-SR-B1, -caveolin-1, -ABCA1, and -ABCG1 antibodies and mouse monoclonal anti-␤-actin antibody were obtained from Norvus Biologicals (Littleton, CO). The oxidative fluorescent dye dihydroethidium (DHE) was obtained from Molecular Probes (Carlsbad, CA). Horseradish peroxidase-conjugated goat anti-rabbit IgG and anti-mouse IgG were purchased from Jackson ImmunoResearch (West Grove, PA). Bio-Plex phosphoprotein assays and Bio-Plex total target assays [specific for extracellular signal-regulated kinase (ERK)1/2, c-Jun NH 2 -terminal kinase (JNK), and p38] were purchased from Bio-Rad (Hercules, CA). PD98059, a specific ERK1/2 inhibitor, was obtained from Calbiochem (San Diego, CA). Seleno-L-methionine (SeMet), ginsenoside Rb1, and apolipoprotein A-I (apoA-I) were obtained from Sigma (St. Louis, MO).
Cell Culture
Human THP-1 monocytes (human acute monocytic leukemia) were obtained from American Type Culture Collection (Manassas, VA) and cultured in RPMI 1640 medium containing 2 mmol/L glutamine, 20 IU/ml penicillin, 20 IU/ml streptomycin, 10 mmol/L HEPES, 1 mmol/L sodium pyruvate, 0.05 mmol/L 2-mercaptoethanol, and fetal bovine serum [10% (v/v)]. Cells were seeded onto 96-well plates at 2 ϫ 10 5 cells per well and differentiated into macrophages by the addition of phorbol 12-myristate 13-acetate (100 ng/ml) for 5 days.
Fresh human blood samples were purchased from Gulf Coast Regional Blood Center (Houston, TX). Peripheral blood mononuclear cells (PBMCs) were purified by gradient centrifugation using Ficoll-Paque Plus (Amersham Biosciences, Uppsala, Sweden). PBMCs were seeded onto 96-well plates at 2 ϫ 10 5 cells per well and cultured at 37°C in a 5% CO 2 atmosphere. The cells that adhered to the plate after 2 hours were used as monocytes and were allowed to differentiate into monocytederived macrophages for 5 days in RPMI 1640 medium containing 50 ng/ml M-CSF (macrophage colony-stimulating factor) and 1% fetal bovine serum, and the medium was refreshed every other day. PBMC-derived macrophages were used in the cholesterol efflux experiments.
acLDL Loading and Pretreatment
Macrophages were transformed into foam cells by incubation with acLDL (50 g/ml) and [1␣,2␣(n)- 3 H]cholesterol (1 Ci/ml) in the serum-free medium containing 1.5% bovine serum albumin for 48 hours. Radioisotopecontaining medium was then removed, and cells were incubated for 24 hours in the medium containing bovine serum albumin and in the presence or absence of ritona-
Cholesterol Efflux
The macrophage-derived foam cells were then incubated in 100-l serum-free medium with or without apoA-I (50 g/ml) or HDL (100 g/ml) for 24 hours. Cholesterol efflux from THP-1 macrophages was performed as previously described. 20 Cellular portion was lysed with 100 l of 0.1 N NaOH. Samples (100 l) of both supernatants and cell lysates were applied to UniFilter-96 plates (PerkinElmer, Boston, MA). After drying, samples were measured by TopCount-NXT (Packard, Downers Grove, IL) in the presence of 25 l of MicroScint cocktail in each well. Fractional cholesterol efflux was calculated as [cpm(supernatants)/cpm(supernatants ϩ cells)] ϫ 100%.
Intracellular Cholesterol Measurement
Cellular cholesterol levels were analyzed at the end of the efflux phase. Briefly, macrophages were washed with Dulbecco's phosphate-buffered saline. Their lipid content was extracted by addition of hexane/isopropanol [3:2 (v/v), 1 hour]. Cellular cholesterol levels were determined using cholesterol assay kit (Wako, Richmond, VA). Cellular proteins were determined with Pierce (Rockford, IL) protein assay against bovine serum albumin standard.
Cell Infection of Recombinant Adenoviruses Encoding Dominant-Negative Form of ERK2
At the end of acLDL loading stage, monocyte-derived macrophages were infected with recombinant adenoviruses encoding the dominant-negative form of human ERK2 (Cell Biolabs, San Diego, CA) or green fluorescent protein (GFP) at 200 multiplicity of infection followed by a 72-hour incubation at 37°C in a CO 2 incubator. More than 90% cells were infected, which was confirmed by evaluating GFP infection under the fluorescence microscope. Thereafter, the cells were pretreated with 15 mol/L ritonavir followed by cholesterol efflux as mentioned above.
Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Macrophage-derived foam cells were treated with ritonavir for 24 hours. Total cellular RNA was then extracted using a RNAqueous-4PCR kit (Ambion, Austin, TX). Primers for ABCA1, ABCG1, SR-B1, caveolin, CYP27A1, and several enzymes related to superoxide anion production including NADPH oxidase subunits p22 
Superoxide Anion Analysis by Flow Cytometry
The oxidative fluorescent dye DHE was used to evaluate the production of superoxide anion in the cells. DHE is freely permeable to cells. In the presence of superoxide anion, DHE is oxidized to ethidium bromide with red fluorescence, and it is trapped by intercalating with the DNA. Ethidium bromide is excited at 488 nm with an emission spectrum of 610 nm. Thus, the amount of ethidium bromide detected by fluorescence measurement instruments such as flow cytometer is well correlated to the level of cellular superoxide anion. Macrophage-derived foam cells were treated with or without ritonavir or SeMet in the 12-well plates for 24 hours. Cells were incubated with 0.5 ml of DHE (10 
mol/L) for 20 minutes at room temperature. Superoxide anion in the cells was analyzed by FACSCalibur flow cytometry (Becton Dickinson, San Jose, CA).
Assessment of Mitochondrial Membrane Potential (⌬m)
⌬m was assessed by using flow cytometry analysis of cells stained with 5,5Ј,6,6Ј-tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazole-carbocyanide iodine (JC-1, MitoScreen kit; BD Biosciences). Mitochondria with a normal ⌬m concentrate JC-1 into aggregates (red fluorescence). Cells (5 ϫ 10 5 ) were incubated with 10 g/ml JC-1 for 15 minutes at 37°C and analyzed by FACSCalibur flow cytometry.
Measurement of ATP Levels
ATP levels were measured with an ATPLite kit (PerkinElmer, Wellesley, MA) following the manufacturer's instructions. In brief, cells were seeded on 96-well plates (10,000 cells/well) and cultured with or without 15 mol/L ritonavir for 24 hours. The lysis solution and substrate solution were added to each well of the plate. The luminescence was measured by TopCount-NXT.
Bio-Plex Immunoassay
Macrophage-derived foam cells were treated with 15 mol/L ritonavir for 0, 5, 10, 20, 30, 60, 90, and 120 minutes. Cell lysates for the MAPK immunoassay were prepared using Bio-Plex phosphoprotein assay and BioPlex total target assay kits, in which 25 g of proteins were used for MAPK measurement. The kits were applied on a Luminex multiplex system (Bio-Rad) following the manufacturer's instructions, which can detect the amount of phosphorylated and total ERK1/2, p38, and JNK in a small amount of cell lysates. Results were presented as the ratio of phosphorylated and total target proteins.
Statistical Analysis
All data are presented as the mean Ϯ SEM. Sample size (n) in this study represents the numbers of independent sets (wells) of cells (multiple samples) from each experiment. Each major experiment was performed at least two times or more. Intergroup differences were analyzed using one-way analysis of variance for comparison of three or more groups. Student's t-test was used for comparison between two groups. A P value Ͻ0.05 was considered significant.
Results
Ritonavir Inhibits Cholesterol Efflux from Macrophage-Derived Foam Cells
We first tested the effect of ritonavir on cholesterol efflux from foam cells by measuring The medium containing radioactive isotope was then removed. The cells were incubated for 24 hours in the presence or absence of ritonavir (7.5, 15, and 30 mol/L), followed by the addition of apoA-I (50 g/ml) or HDL (100 g/ml) for 24 hours to initiate cholesterol efflux. Radioactivity of both medium and cellular fractions was measured, and the cholesterol efflux was calculated as [cpm-(medium)/cpm(medium ϩ cells)] ϫ 100%. A and C: Cholesterol efflux in THP-1 to apoA-I (A) or HDL (C) was inhibited by ritonavir in a concentration-dependent manner as compared with controls, which were cells with apoA-I or HDL only. B: Cholesterol efflux in PBMCs to apoA-I was inhibited by ritonavir in a concentration-dependent manner, as compared with controls. D: Cellular cholesterol levels were measured with a cholesterol assay kit. Accumulation of cholesterol was increased in ritonavir-treated THP-1 cells as compared with controls. Data represent mean Ϯ SEM. *P Ͻ 0.05, **P Ͻ 0.001 versus controls, n ϭ 6. PBMCs, peripheral blood mononuclear cells.
addition of apoA-I (50 g/ml) or HDL (100 g/ml). In both THP-1 and PBMCs, significant decreases of cholesterol efflux to apoA-I were observed in a concentration-dependent manner in response to ritonavir treatment ( Figure 1,  A and B) . At 15 mol/L ritonavir, the cholesterol efflux from THP-1 and PBMCs showed a significant decrease by 30 and 29%, respectively, as compared with controls (apoA-I only) (P Ͻ 0.05 for both, n ϭ 6). Meanwhile, another cholesterol acceptor, HDL, was also used to evaluate the effect of ritonavir on the cholesterol efflux in THP-1. Consistently with apoA-I, ritonavir treatment also induced a significant decrease of cholesterol efflux from foam cells to HDL in a concentration-dependent manner ( Figure 1C ). The cholesterol efflux from THP-1 treated with 15 mol/L ritonavir was significantly decreased by 17% compared with controls (HDL only) (P ϭ 0.01, n ϭ 6). Moreover, cellular cholesterol levels in ritonavirtreated foam cells were directly measured by an enzymatic colorimetric method. The cellular cholesterol levels in the foam cells treated with 15 mol/L ritonavir were significantly increased by 28% compared with controls (apoA-I only) (P ϭ 0.04, n ϭ 6; Figure 1D ).
Ritonavir Decreases the Expression of SR-B1 and Caveolin-1 in Macrophage-Derived Foam Cells
To determine whether ritonavir could affect several key molecules involved in cholesterol efflux, the expression of SR-B1, caveolin-1, caveolin-2, ABCA1, and CYP27A1 in foam cells treated by ritonavir was analyzed with realtime RT-PCR and Western blot. Treatment with ritonavir decreased the mRNA and protein levels of SR-B1 and caveolin-1 in foam cells in a concentration-dependent manner (Figure 2 ). At 15 and 30 mol/L ritonavir, SR-B1 mRNA was significantly reduced by 13 and 22%, respectively, and caveolin-1 mRNA was significantly decreased by 27 and 28%, respectively, compared with controls ( Figure 2 , A and B; n ϭ 4; P Ͻ 0.05). Consistently with mRNA data, protein levels of SR-B1 and caveolin-1 were also significantly reduced in ritonavir-treated cells ( Figure  2, C and D) . However, the mRNA and protein levels of ABCA1 (Figure 3 , A, C, and D), ABCG1 (Figure 3 , B, C, and E), CYP27A1, and caveolin-2 did not show any significant changes between the ritonavir-treated groups and controls (data not shown).
Ritonavir Increases Superoxide Anion Production in Macrophage-Derived Foam Cells
To investigate whether oxidative stress could be involved in the ritonavir-induced decrease of cholesterol efflux, superoxide anion production from macrophage-derived foam cells was analyzed by flow cytometric measurement of DHE staining. DHE is freely permeable to cells and is readily oxidized by superoxide anion to form ethidium bromide, which intercalates with the DNA (red fluorescence). Thus, DHE staining detected by flow cytometry Figure 4C , P Ͻ 0.05). Thus, these data demonstrate that oxidative stress (increase of superoxide anion production) is involved in the mechanism of ritonavirinhibition of cholesterol efflux in THP-1 derived form cells.
Ritonavir Decreases Mitochondrial Membrane Potential and ATP Production in MacrophageDerived Foam Cells
To determine whether the mitochondria could be a possible source of ritonavir-induced superoxide anion production, the mitochondrial functions of membrane potential and ATP production were analyzed. Mitochondrial dysfunction could result in the increase of superoxide anion production and the decrease of ATP production. Macrophage-derived foam cells treated with 15 mol/L ritonavir for 24 hours revealed a substantial reduction of mitochondrial membrane potential by 50% compared with controls ( Figure 5 , A and B; P Ͻ 0.05). Furthermore, treatment of 15 mol/L ritonavir significantly reduced ATP levels by 24% compared with controls ( Figure 5C , P Ͻ 0.01).
Ritonavir Increases mRNA Levels of NADH/NADPH Oxidase Subunits in Macrophage-Derived Foam Cells
To test whether internal molecules related to ROS could play a role in ritonavir-induced oxidative stress, we determined mRNA levels of NADH/NADPH oxidase subunits, major ROS-generating enzymes, and several major internal antioxidant enzymes such as superoxide dismutases, catalase, and glutathione peroxidase. 22, 23 Oxidative stress could result from up-regulation of ROSgenerating enzymes and/or down-regulation of internal antioxidant enzymes. Treatment with ritonavir significantly increased mRNA levels of NADPH oxidase subunits p22 phox , p40 phox , p47 phox , and p67 phox in foam cells in a concentration-dependent manner ( Figure 5D , P Ͻ 0.05). However, the expression of catalase, glutathione peroxidase-1, and superoxide dismutase-1 did not show any significant changes between the ritonavir-treated groups and controls (data not shown).
ERK1/2 Activation Is Involved in the RitonavirInduced Inhibition of Cholesterol Efflux in Macrophage-Derived Foam Cells
To determine whether MAPKs could be involved in signal transduction pathways of ritonavir-induced inhibition of cholesterol efflux from macrophage-derived foam cells, the activation status of three major MAPKs (ERK1/2, JNK, and p38) was determined by a Bio-Plex immunoassay with Luminex technology. Ritonavir treatment (15 mol/L) for 60 minutes substantially increased the phosphorylation of ERK1/2 in macrophage-derived foam cells by 3.2-fold compared with controls ( Figure 6A ). However, there were no substantial changes in phosphorylation of JNK and P38 MAPKs in response to ritonavir treatment (data not shown). Furthermore, the specific ERK1/2 inhibitor PD98059 (20 mol/L) significantly abolished ritonavirinduced inhibition of cholesterol efflux from macrophagederived foam cells by 42% when compared with the treatment of ritonavir ( Figure 6B , P Ͻ 0.05).
The involvement of the ERK1/2 pathway in cholesterol efflux in ritonavir-treated THP-1 cells was also tested with infection of a recombinant adenovirus encoding the dominant-negative form of ERK2. Another recombinant adenovirus encoding GFP was used as a control. Figure 6C shows that the cells infected by recombinant adenovirus encoding dominant-negative form of ERK2 had a dramatic increase in ritonavir-induced decreased cholesterol efflux compared with cells infected with GFP control virus (P ϭ 0.03, n ϭ 6). These data indicate that suppressing ERK activation by dominant-negative form of ERK2 effectively blocks the inhibition of cholesterol efflux induced by ritonavir.
Discussion
Clinical data suggest that HIV PIs may be associated with a high risk of accelerated atherosclerosis, 24 and current data provide possible mechanisms for this complication. Based on our knowledge, the present study, for the first time, reports three novel findings: 1) ritonavir inhibits cholesterol efflux from human macrophage-derived foam cells; 2) ritonavir decreases expression levels of SR-B1 and caveolin-1, which are key molecules mediating cholesterol efflux; and 3) ritonavir increases superoxide anion production and activates ERK1/2, which may function as signal transduction pathways for ritonavir's action in macrophage-derived foam cells. The inhibition of cholesterol efflux from human macrophage-derived foam cells by ritonavir could contribute to the accumulation of cholesterol in the foam cell, thereby attributing to the progression of atherosclerosis on the arterial wall.
Ritonavir was selected for the current study because it is one of the most commonly used HIV PIs as part of highly active anti-retroviral therapy. Recommended clinical dose of ritonavir is 600 mg every 12 hours resulting in a maximum plasma concentration of 8 to 15 mol/L. The concentration (15 mol/L) of ritonavir used in the present study may be relevant to its clinical application. 25 Our data show that 15 mol/L ritonavir significantly reduced cholesterol efflux in THP-1-derived foam cells by 30% as compared with controls. Increased accumulation of intra- 13 reported that ritonavir could increase the level of cholesterol ester, which is a CD36-dependent cholesterol accumulation, in THP-1 macrophages and human PBMCs. However, it is not clear that the accumulation of cholesterol in macrophages is attributable to the increased influx or the decreased efflux of cholesterol. The present study further illustrates that the inhibition of cholesterol efflux by ritonavir treatment may be attributable to the accumulation of cholesterol in macro- Ritonavir significantly decreased the mitochondrial membrane potential (red) in THP-1 cells compared with controls. n ϭ 3. C: Cellular ATP levels were measured with an ATPLite kit. ATP production was significantly reduced in ritonavir-treated THP-1 cells compared with controls. n ϭ 6. D: The mRNA levels of NADPH oxidase subunits were measured by real-time PCR. Ritonavir significantly increased the mRNA levels of p22 phox , p40 phox , p47 phox , and p67 phox in a concentration-dependent manner. Data represent mean Ϯ SEM. *P Ͻ 0.05, **P Ͻ 0.01 versus controls (without ritonavir). n ϭ 4. The phosphorylated and total ERK proteins were detected by the Bio-Plex immunoassay system. Ritonavir treatment increased the ratio of phosphorylated and total ERK1/2 protein at 60 minutes after treatment. n ϭ 2. B: Effect of ERK1/2 inhibitor on ritonavir-induced inhibition of cholesterol efflux. Macrophage-derived foam cells were treated with 15 mol/L ritonavir with or without 20 mol/L PD98059, an inhibitor of ERK1/2, for 24 hours, followed by the addition of apoA-I (50 g/ml) for 24 hours to initiate cholesterol efflux. Cholesterol efflux was inhibited by ritonavir, and pretreatment of ERK1/2 inhibitor significantly abolished the inhibition of cholesterol efflux from macrophage-derived foam cells to apoA-I. C: Effect of dominant-negative mutant of ERK2 gene delivery on ritonavir-induced inhibition of cholesterol efflux. THP-1 cells were infected with a recombinant adenovirus encoding dominant-negative form of ERK2. Another recombinant adenovirus encoding GFP was used as a control. Infected cells were treated with 15 mol/L ritonavir, followed by the addition of apoA-I (50 g/ml) for 24 hours to initiate cholesterol efflux. Overexpression of dominant-negative form of ERK2 effectively blocked ritonavir-induced decreased cholesterol efflux as compared with GFP controls. Data represent mean Ϯ SEM. *P Ͻ 0.05 versus ritonavir-treated group or infected with GFP group. **P Ͻ 0.001 versus controls, n ϭ 6.
phages, which most likely promote the progression of atherosclerosis.
Because cholesterol acceptors such as apoA-I and HDL approach macrophages in subintimal space, intracellular cholesterol can be released outside the cells for excretion. In this pathway, several key molecules including SR-B1, caveolins, ABCA1, ABCG1, and CYP27A1 have been known to mediate cholesterol efflux. 6 -10 Expression of SR-B1 correlates with rates of cholesterol efflux to HDL.
8 Down-regulation of caveolin-1 by treatment with anti-sense oligonucleotides was reported to decrease cholesterol efflux to apoA-I. 9 However, it has not been definitively established what acceptors are dependent on the changes of special proteins during the cholesterol efflux in the various types of cells. For example, in addition to apoA-I, several of the other exchangeable apolipoproteins including apoA-II, apoC-II, apoC-III, and apoE have been shown to stimulate ABCA1-mediated lipid efflux. 26 Palmer and colleagues 20 reported that triglyceride-rich lipoprotein, an independent risk factor for coronary artery disease, could inhibit cholesterol efflux in THP-1-derived macrophages to apoA-I, whereas it did not affect levels of ABCA1, SR-B1, and caveolin-1, suggesting that exposure to these lipoproteins inhibits an alternate anti-atherogenic pathway. The present study shows that treatment with ritonavir could inhibit cholesterol efflux from macrophages to either apoA-I or HDL, which is accompanied with a decreased expression of SR-B1 and caveolin-1 but not ABCA1, ABCG1, caveolin-2, and CYO27A1, in foam cells. These data indicate that down-regulation of SR-B1 and caveolin-1 may be involved in the inhibition of cholesterol efflux in ritonavirtreated macrophages.
Decreases of SR-B1 and caveolin-1 could have functional significance in cholesterol efflux. SR-B1 shows a partial co-localization with caveolin-1 by immunofluorescence, indicating the close relationship between caveolin-1 and SR-B1. 27 A study reported a modest (30 to 40%) inhibition of SR-BI-dependent selective uptake of cholesterol in the caveolin-1-overexpressing line (human embryonic kidney 293). 28 However, a study from Wang and colleagues 29 shows that SR-BI-stimulated cholesterol efflux to HDL and liposomes and SR-B1-mediated selective uptake of HDL-derived cholesteryl ester are not affected by caveolin-1 expression in human embryonic kidney 293 or FRT cells.
Although SR-B1 and carevolin-1 at both mRNA and protein levels are significantly reduced in the ritonavirtreated cells as compared with control cells, the decrease of their mRNA levels in the ritonavir-treated cells is relatively smaller than that of their protein levels. The reasons for this discrepancy are not clear. It could be involved in different processes of the translation from mRNA to protein and the turnover rate of both mRNA and proteins. It could also be affected by the sensitivity of detection methods and sample sizes. Real-time PCR and Western blot may have different sensitivity for quantitative measurements.
ROS, generated by a variety of extracellular and intracellular mechanisms, have gained attention as novel signal mediators that regulate signal transduction events including MAPKs. ROS includes superoxide anion, hydroxyl radical, nitric oxide, peroxynitrite, and lipid radicals. Accumulating evidence suggests that an increase in ROS generation may relate to a risk for cardiovascular diseases such as atherosclerosis, angina pectoris, and myocardial infarction. Antioxidants are believed to counteract with ROS and reduce the incidence of coronary artery disease. 30 Ritonavir is known to induce ROS in endothelial cells and vascular smooth muscle cells. 14 -17 However, little is known about the potency of ritonavir to induce macrophage ROS production as well as the role of ROS in the ritonavir-induced inhibition of cholesterol efflux in foam cells. The present study demonstrates that ritonavir at the concentration equivalent to the therapeutic levels is able to increase superoxide anion production in human macrophage-derived foam cells. This effect is specific because an antioxidant compound, either SeMet or ginsenoside Rb1, is able to block the ritonavir-induced increase of superoxide anion production as well as ritonavir-induced inhibition of cholesterol efflux in macrophage-derived foam cells. SeMet and ginsenoside Rb1 were selected in the current study because of their low toxicity, and readiness for animal or human use. Findings from the current study suggest that ritonavir-induced oxidative stress may be one of the molecular mechanisms involved in the inhibition of cholesterol efflux. Accordingly, the use of antioxidants may be an effective strategy in preventing ritonavir-associated cardiovascular complications in HIV patients.
It is well known that the mitochondrion is one of the major sources of ROS generation. 31 After oxidation by mitochondrial and plasma membrane oxidases, oxygen is reduced and the superoxide anion is formed. The membrane potential (⌬m) can serve as an indicator for the function of mitochondrial respiration chain. Mitochondrial dysfunction could cause the increase of superoxide anion production and the decrease of ATP production. The purpose of the mitochondrial experiment in the current study was to determine whether mitochondria could be a possible source of the increased superoxide anion production in ritonavir-treated cells. Indeed, our data support this hypothesis that mitochondrial dysfunction could cause the increase of superoxide anion production in ritonavir-treated cells. The mitochondrial dysfunction could be critical part of the molecular pathway of the inhibition of cholesterol efflux in ritonavir-treated cells.
Other important sources of ROS within cells include the synthesis by dedicated enzymes including NADPH oxidase, which is best characterized as a major superoxidegenerating enzyme in phagocytes. NADPH oxidase is a multicomponent enzyme comprised of five subunits, namely p22 phox , p40 phox , p47 phox , p67 phox , and gp91 phox . 30 Our previous study has indicated that ritonavir also increased NADPH oxidase activity in porcine arteries. 17 Consistently with our previous data, treatment with ritonavir increased the expression of p22 phox , p40 phox , p47 phox , and p67 phox in foam cells. Thus, these data indicate that increased superoxide anion production in ritonavir-treated foam cells may result from mitochondrial dysfunction and up-regulation of NADPH oxidase.
ROS including superoxide anion could play important roles in both signal transduction pathways and cell damage. In the current study, ritonavir could increase production of superoxide anion, decrease the expression of SR-B1 and caveolin-1, and inhibit cholesterol efflux in human macrophages. However, it is not clear whether superoxide anion directly regulates the expression of SR-B1 and/or caveolin-1 expression. In some other reports, lipopolysaccharide (LPS) could induce oxidative stress, decrease SR-B1 expression, and inhibit cholesterol efflux in mouse macrophages (RAW cells). 32 Endothelin-1 could also enhance oxidative stress and downregulate caveolin-1 expression in human endothelial cells. 33 However, Peterson and colleagues 34 reported that there were no significant changes in caveolin-1 expression in cultured bovine aortic endothelial cells in response to any treatment of ROS (using LY83583 to generate superoxide). It is well documented that ERK1/2 is an oxidation-sensitive enzyme. 35 In the current study, increased production of superoxide anion could be directly involved in ERK1/2 activation, which may regulate cholesterol efflux in human macrophages, because both antioxidant SeMet and ERK1/2 inhibitors can effectively block the ritonavir-induced inhibition of cholesterol efflux. Thus, ritonavir-induced oxidative stress could play a central role in the regulation of cholesterol efflux in human macrophages.
Cholesterol efflux from macrophages is a complicated biological process that involves many functional and regulatory molecules including signal transduction pathways. For examples, the activation of Rho family G proteins (ie, Cdc42, Rac1, and Rho) and stress kinases (ie, JNK and p38 MAPK) and activation of Cdc42 and JNK is involved in the apoA-I-induced cholesterol efflux. 36 The exposure of human fibroblasts to ABCA1 ligands results in the generation of intracellular signals, including activation of the small G-protein Cdc42, protein kinases (PAK-1 and p54JNK), and actin polymerization. 37 It was reported that cAMP-mediated cholesterol efflux to apoA-I is associated with the binding, uptake, and resecretion of apoA-I in a calcium-dependent pathway in murine macrophages. cAMP/protein kinase A (PKA)-dependent pathway modulates cellular lipid efflux mediated by apoA-I in fibroblasts. 38, 39 The current study clearly demonstrates that ERK1/2 activation is involved in the inhibition of cholesterol efflux in ritonavir-treated cells. ERK1/2 phosphorylation levels are substantially increased by ritonavir treatment, and specific inhibitor of ERK1/2 could also effectively block the inhibition of cholesterol efflux in ritonavir-treated macrophage-derived foam cells. This mechanism is consistent with some other activators of ERK1/2 such as tumor necrosis factor-␣, interleukin-1, and endotoxin, which could activate ERK1/2 and inhibit cholesterol efflux in macrophages. 40 -42 In summary, the present study demonstrates that the interaction of ritonavir with cholesterol-loaded macrophages decreases the cholesterol efflux as well as downregulates the levels of SR-B1 and caveolin1 in these cells. Accumulation of cholesterol in macrophages resulting from inhibition of cholesterol efflux could be one of the important factors attributing to the progression of atherosclerosis. This study demonstrates a clear link between HIV PI ritonavir and in vitro cholesterol efflux, for which the increase of oxidative stress and activation of ERK1/2 may be the molecular mechanism. Consequently, reducing oxidative stress or inhibiting ERK1/2 activation may be able to shed new light on prevention of ritonavir-associated cardiovascular complications.
